The mesolimbic dopamine system, which mediates the rewarding properties of nearly all drugs of abuse, originates in the ventral tegmental area (VTA) and sends major projections to both the nucleus accumbens (NAc) and the basolateral amygdala (BLA). To address whether differences occur between neurons that project to these separate areas, retrograde microspheres were injected to either the BLA or the NAc of DBA/2J mice. Whole-cell recordings were made from labeled VTA dopamine neurons. We found that identified neurons that projected to the BLA and NAc originated within different quadrants of the VTA with neither group exhibiting large-amplitude h-currents. ] enkephalin (ME; 3 M). In addition, we found that the presynaptic inhibition of GABAergic transmission at both GABA A and GABA B receptors was differentially regulated by U69593 between the two groups. When dopamine IPSCs were examined, U69593 caused a greater inhibition in NAc-than BLA-projecting neurons. ME had no effect on either. Finally, the regulation of extracellular dopamine by dopamine uptake transporters was equal across the VTA. These results suggest that opioids differentially inhibit mesolimbic neurons depending on their target projections. Identifying the properties of projecting mesolimbic VTA dopamine neurons is crucial to understanding the action of drugs of abuse.
Introduction
The mesolimbic dopamine (DA) system originates from neurons within the ventral tegmental area (VTA) and projects to limbic structures that include the nucleus accumbens (NAc) and the basolateral amygdala (BLA) (Albanese and Minciacchi, 1983) . Dopamine projections to these target areas mediate both natural rewards and the rewarding aspects of drugs of abuse (Koob, 1992; White, 1996; Wise, 1996a,b) . Both target regions mediate components of drug-seeking in animal models of addiction (Everitt et al., 2001 ). Some components, such as drug-primed reinstatement and second-order conditioning, may overlap in the BLA (Whitelaw et al., 1996; See et al., 2001 ) and the NAc (Bachtell et al., 2005) . In other aspects (appetitive conditioning and withdrawal), amygdaloid regions may have a more specialized role (Hatfield et al., 1996; Frenois et al., 2005) than the medial NAc, which mediates primary rewarding properties of drugs (Koob, 1992; Ikemoto and Panksepp, 1999) .
Within the VTA, neurons are classified as primary, secondary, and tertiary (Grace and Onn, 1989; Johnson and North, 1992b; Cameron et al., 1997; Ungless et al., 2004) . Primary neurons contain tyrosine hydroxylase (TH) and are the dopaminergic output neurons of the VTA. Both primary and tertiary neurons exhibit a hyperpolarization-activated cation current (I h ), pace maker firing, and long-duration action potentials (APs). Secondary cells are GABAergic. They do not possess an I h and exhibit fast firing with narrow APs. Both -opioid receptors (MORs) and -opioid receptors (KORs) are expressed within the VTA. KOR agonists hyperpolarize primary and tertiary cells (Margolis et al., 2003) . Alternatively, MOR agonists hyperpolarize secondary and tertiary cells (Johnson and North, 1992b; Cameron et al., 1997) . By inhibiting GABA release from secondary interneurons, MOR agonists activate dopamine neurons (Gysling and Wang, 1983; Johnson and North, 1992a) . This opposing effect of the and systems on DA cell activity has been noted in multiple brain regions (Pan, 1998) . These systems also exert opposing behavioral actions, because in vivo infusions of MOR agonists into the VTA elicits place preference, whereas KOR agonists elicits place aversion (Phillips and LePiane, 1980; Bals-Kubik et al., 1993) .
Although it is known that the VTA sends dopaminergic projections to mesolimbic target areas and these inputs are central to behaviors mediated by these nuclei, little is known of the physiological properties of the projecting VTA dopamine neurons themselves. We set out to examine the properties of two populations of mesolimbic neurons: those that project to the BLA and those projecting to the NAc. We hypothesized that because these target areas serve different functions, the neurons projecting to these areas would exhibit different properties. Dopamine neuron activity is tightly regulated by a variety of inhibitory inputs. These inputs are acutely inhibited by opioids but are also altered during withdrawal from chronic opioid use (Williams et al., 2001 ). Because opioids exert direct effects on mesolimbic neurons within the VTA, as well as altering the activity of their inhibitory presynaptic inputs, we examined whether differences in the effects of opioids existed between these two neuronal populations.
Materials and Methods
Intracerebral microinjections. Male and female 6-to 8-week-old DBA/2J mice (The Jackson Laboratory, Bar Harbor, ME) were used in all experiments. Mice were anesthetized with an intraperitoneal injection of ketamine (30 mg/cc), xylazine (2.9 mg/cc), and acepromazine (0.6 mg/cc). With use of a stereotaxic apparatus (Kopf Instruments, Tajunga, CA), fluorescent microspheres (200 nl; diameter, 0.04 m; 488/560 EX/EM; Invitrogen, San Diego, CA) were injected bilaterally (over 4 -6 min) into either the shell of the NAc [from bregma (in mm): ϩ1.5 anteroposterior, Ϯ0.65 lateral, Ϫ5.2 ventral] or the BLA [from bregma (in mm): Ϫ1.35 anteroposterior, Ϯ 3.05 lateral, Ϫ5.9 ventral]. Acute brain slices were prepared from mice that received either NAc or BLA injections after allowing 2-5 d for retrograde transport of the microspheres. Animals were excluded from the study if more than a minor portion of the injection occurred outside of the area of interest. Special care was taken during the injection and removal of the injection syringe to minimize spread of tracer dorsally along the injection tract into striatal structures.
Slice preparation and recording. Midbrain horizontal slices (220 m) were cut, as described previously (Williams et al., 1984) , in ice-cold physiological saline solution containing (in mM) 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 2.4 CaCl 2 , 1.4 NaH 2 PO 4 , 25 NaHCO 3 , 11 D-glucose, and 0.4 ascorbate using a vibratome (Leica, Nussloch, Germany). Slices were incubated in warm (35°C) 95 O 2 /5% CO 2 oxygenated saline containing 10 M (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801) for at least 30 min and transferred to a chamber that was constantly perfused (1.5 ml/min) with saline (35°C).
VTA DA neurons were visualized using "Dodt"-type gradient contrast infrared optics (Dodt et al., 2002) . With the use of fluorescent microscopy, microspheres identified DA neurons that projected to either the NAc or the BLA. Physiological identification of DA neurons was based on the presence of spontaneous pacemaker firing (1-5 Hz) and an AP width of Ͼ1.2 ms. Action potential width was defined as the time from the initial inward current to the peak of the outward current when measured in cell-attached voltage-clamp mode. Only DA neurons within the VTA [within or medial to the medial lemniscus; medial to the medial terminal nucleus of the accessory optic tract (MT)] were included within this study.
Whole-cell recordings were made with 1.8 -2.5 M⍀ pipettes using an Axopatch 200A amplifier (Molecular Devices, Foster City, CA). Cells were voltage clamped at Ϫ60 mV. Series resistance, monitored throughout the experiment, ranged from 3 to 15 M⍀, and was compensated by 80%. All currents were recorded at 10 kHz and filtered at 5 kHz. GABA A IPSCs were recorded with pipettes filled with the following (in mM): 57 KCl, 57 Kmethylsulphate, 20 NaCl, 1.5 MgCl 2 , 5 HEPES (K), 0.1 EGTA, 2 ATP, 0.3 GTP, and 10 phosphocreatine, pH 7.3, 270 mOsm. IPSCs were evoked with bipolar electrodes placed ϳ300 m caudal from the recorded neuron (duration, 0.1 ms) every 20 s and were pharmacologically isolated with 6,7-dinitroquinoxaline-2,3(1H,4 H)-dione (DNQX; 10 M), strychnine (1 M), and MK-801 (10 M). GABA B and D 2 IPSCs were recorded with pipettes filled with the following (in mM): 115 K-methylsulphate, 20 NaCl, 1.5 MgCl 2 , 5 HEPES (K), 0.1 EGTA, 2 ATP, 0.3 GTP, and 10 phosphocreatine, pH 7.3, 270 mOsm. IPSCs were evoked with monopolar glass electrodes placed ϳ50 -100 m caudal to the recorded neuron by a train of five pulses (duration, 0.5 ms; 40 Hz) once every 60 s. GABA B IPSCs were isolated pharmacologically with picrotoxin (100 M), DNQX (10 M), sulpiride (300 M), and MK-801 (10 M). Immunohistochemistry. Mice were anesthetized with 2,2,2-tribromoethanol (Avertin; Sigma, St. Louis, MO) and transcardially perfused with 5% sucrose/PBS, followed by 4% paraformaldehyde in PBS. The brains were removed, postfixed overnight at 4°C, and horizontally sliced in 50 m sections. Free-floating sections were washed three times in KPBS with 0.3% Triton-X (KPBS-T), incubated in KPBS-T with 5% normal goat serum for 1 h, then incubated overnight with primary anti-TH (1:10,000; IncStar, Stillwater, MN). Sections were rinsed three times in KPBS and incubated for 2 h in Alexa-647-conjugated goat antimouse secondary antibody (1:1000; Invitrogen). Sections were rinsed with KPBS, mounted with anti-fading gel mount (Biomeda, Foster City, CA), and visualized with laser scanning confocal microscopy.
To test for colocalization of filled neurons with TH, cells within 220 m slices were patched and filled with 0.3% neurobiotin (Vector Laboratories, Burlingame, CA). Slices were fixed overnight in 4% paraformaldehyde in PBS, washed with 0.3% KPBS-T, incubated in KPBS-T with 5% normal goat serum for 1 h, and then incubated overnight with primary anti-TH (1:10,000; IncStar). Slices were rinsed three times in KPBS and incubated for 2 h in Alexa-488-conjugated goat anti-mouse secondary antibody (1:1000; Invitrogen). Slices were then incubated for 1 h in Figure 1 . VTA neurons that project to the BLA and the NAc originate from distinct anatomical locations within the VTA. A, B, Bright-field images identifying the anatomical location of injection sites of retrograde tracers into either the BLA or the NAc [overlay adapted from (Paxinos and Franklin (2001) ]. C, D, Horizontal confocal sections (10ϫ) imaged after staining for tyrosine hydroxylase (red) to identify DA neurons from mice in which microspheres (overlaid in white) were retrogradely transported from the BLA (C) or NAc (D). Ant, Anterior; Med, medial. E, F, High-power 60ϫ single-plane confocal sections (0.1 m) illustrating the presence of microspheres (green) and DA neurons stained for TH (red). The arrows illustrate representative neurons in which yellow indicates the colocalization of microspheres and TH. G, Example of a neurobiotin-filled neuron from a mouse in which tracer was injected into the BLA. Triple staining for neurobiotin, tracer, and TH confirms that this recorded BLA-projecting neuron was DAergic.
Alexa-568-conjugated streptavidin (1:1000; Invitrogen), rinsed, mounted, and visualized with a laser scanning confocal microscope. Data analysis. Values are given as means Ϯ SEM. In all experiments, p Ͻ 0.05 was considered a significant difference. Statistical significance was assessed using either a Student's unpaired t test or one-way ANOVA (Bonferonni's post hoc analysis).
Results

Anatomy of projecting mesolimbic VTA neurons
Fluorescent microspheres injected into either the NAc shell (NAc) or the BLA were retrogradely transported to neuronal cell bodies of the VTA. Because DA neurons of the substantia nigra compacta (SNc) project to striatal structures lying dorsal to the NAc and BLA, care was taken to include in this study only animals in which injections were within the appropriate target area. Figure 1 , A and B, illustrates typical injection sites into the BLA and the NAc from two separate mice. No labeling was observed in the VTA when microinjections were made dorsal to either the NAc or BLA (data not shown).
To determine the anatomical location of projecting DA neurons, horizontal midbrain slices from BLA-and NAc-injected animals were examined for TH immunoreactivity. In mice receiving injections into the BLA, fluorescent microspheres were found to colocalize with TH-positive neurons in the anterior/lateral portions of the VTA (Fig. 1C) . In contrast, injection of tracer into the NAc led to fluorescent microsphere colocalization with TH-positive neurons in the posterior/medial VTA ( Fig.  1 D) . Thus, the NAc and BLA receive projection from distinct anatomical locations within the VTA. High-power (60ϫ) images further illustrating the presence of retrograde transported beads from either the BLA or the NAc in VTA DA neurons are shown in Figure 1 , E and F. It can be seen that the majority of tracer-labeled neurons that projected to both the BLA and the NAc stained positively for the presence of TH. Because of the small volumes of tracer used, only low numbers (20 -150) of labeled cells occurred in each slice. To further examine the neurochemical identity of tracer-labeled neurons, we filled tracer-labeled neurons with neurobiotin. In 12 of 13 cells from slices from animals in which injections of tracer were made into the BLA, the presence of TH colocalized with both tracer and neurobiotin. An example of such a cell is illustrated in Figure 1G . These anatomical findings suggest that with the use of fluorescent mi- crospheres as retrograde tracers, the majority of mesolimbic VTA-projecting neurons identified with this technique contain TH.
Electrophysiological properties of NAc-and BLA-projecting DA neurons
Because BLA-and NAc-projecting neurons occupied distinct anatomical locations within the VTA, we reasoned that intrinsic electrophysiological properties might also vary between these two groups of neurons. To test this hypothesis, whole-cell voltage-clamp recordings were made from labeled neurons in brain slices under fluorescent microscopy. Cells were electrically identified as DA neurons by the presence of extracellularly recorded AP widths of Ն1.2 ms. Initial experiments examined I h amplitudes from labeled NAc-and BLA-projecting VTA DA neurons. To activate I h , neurons were hyperpolarized with 1.5 s steps to Ϫ120 mV from a holding potential (V h ) of Ϫ60 mV. DA neurons projecting to the NAc exhibited significantly smaller I h than BLA-projecting DA neurons (41 Ϯ 4 pA, n ϭ 47 vs 135 Ϯ 17 pA, n ϭ 45; p Ͻ 0.05) (Fig. 2, compare A and B, D) . For comparison, unlabeled SNc neurons exhibited a pronounced I h that was significantly larger than those recorded from labeled VTA DA neurons (347 Ϯ 49 pA; n ϭ 11; p Ͻ 0.05 vs BLA-and NAcprojecting cells) (Fig. 2C,D) . Thus, labeled projecting NAc, BLA, and unlabeled SNc DA cells exhibit significantly different I h amplitudes. Furthermore, I h may not be an appropriate marker of these mesolimbic neurons.
To further characterize the electrophysiological properties of projecting neurons, input resistance (R in ) and capacitance (C in ) were also measured. BLA-and NAc-projecting VTA DA neurons exhibited similar values (NAc: 30 Ϯ 1 pF, 236 Ϯ 12 M⍀, n ϭ 60; BLA: 30 Ϯ 1 pF, 265 Ϯ 14 M⍀, n ϭ 65; p Ͼ 0.05) (Fig. 2 E) , suggesting that whereas differences occur in I h , other intrinsic electrophysiological properties are conserved.
In vivo recordings from the rat have proposed that spike width may be an accurate determinate of VTA cellular identity, with principle DA neurons possessing APs significantly wider than nondopaminergic neurons (Ungless et al., 2004) . In cellattached mode, the width of extracellularly recorded APs in all bead labeled neurons was Ն1.2 ms (mean width, 1.7 Ϯ 0.1 ms; n ϭ 60) (Fig. 3B ). This value clearly separated DA neurons from a second population of neurons, which exhibited AP widths of Յ0.9 ms (mean width, 0.6 Ϯ 0.05; n ϭ 27; p Ͻ 0.05) (Fig. 3B ). This second population was presumed to be secondary GABAergic neurons because of their narrow-width APs, high frequency firing (Ͼ10 Hz), inhibition by bath application of the /␦ agonist [Met 5 ] enkephalin (ME; 3 M), and lack inhibition by exogenously applied DA (10 M) (Johnson and North, 1992a,b; Cameron et al., 1997) . Secondary cells were also clearly distinguishable from bead-labeled DA neurons by their passive membrane properties (R in , 1932 Ϯ 155 M⍀; C in , 17 Ϯ 1 pF; n ϭ 39; p Ͻ 0.05; data not shown). To confirm that our electrophysiological criteria for identifying DA neurons matched their neurochemical identity, neurons were filled with 0.3% neurobiotin and after recording stained for the presence of TH. In 11 of 11 neurons, the presence of neurobiotin colocalized with TH. A representative neuron is illustrated in Figure 3A . All of these 11 cells recorded and filled with neurobiotin possessed AP widths Ն1.2 ms. AP widths matched the range of NAc and BLA projecting bead-labeled neurons (mean width, 1.5 Ϯ 0.05 ms; n ϭ 11; p Ͼ 0.05). Furthermore, these filled cells exhibited passive membrane properties that closely matched tracer-labeled BLA-and NAc-projecting neurons (R in , 249 Ϯ 12 M⍀; C in , 30 Ϯ 1 pF; n ϭ 11; p Ͼ 0.05; data not shown). The firing of the filled neuron shown in Figure 3A is illustrated in Figure 3C . These observations indicate that the physiological properties of bead-labeled VTA neurons that projected to either the BLA or the NAc correspond to principle DA neurons. , the M/DOR agonist ME (3 M), and the 5-HT 1 agonist 5-CT (100 nM). The nonspecific opioid receptor antagonist naloxone (NLX; 1 M) was used to reverse the effect caused by U69593. C-E, Scatter plots illustrating both the peak-amplitude whole-cell currents from NAc-and BLAprojecting neurons in response to U69593 (200 nM; C), ME (3 M; D), and 5-CT (100 nM; E). The numbers in parentheses signify the proportion of total cells recorded that responded to drug application with a measurable outward current. The box and whisker plot illustrates the mean Ϯ SEM. Note the opposing actions of the KOR and M/DOR agonists on BLA-and NAc-projecting cells. 5-CT failed to produce an outward current in all recorded neurons. * signifies significance at p Ͻ 0.05.
Postsynaptic inhibition by opioids
Because MOR and KOR agonists produce opposing effects with the VTA, we tested whether BLA-and NAc-projecting neurons would be differentially inhibited by these two classes of opioids. The KOR agonist (5␣,7␣,8␣)-(ϩ)-N-methyl-N-[7-(pyrrolidinyl)-1-oxaspiro [4,5]dec-8-yl]-benzeneacetamide (U69593) inhibits primary and tertiary VTA neurons by activating Gprotein-coupled inwardly rectifying K ϩ (GIRK) channels (Margolis et al., 2003) . We found that U69593 (200 nM) produced an outward current of 61 Ϯ 5 pA (n ϭ 32) in NAc-projecting neurons, which was significantly greater than the current produced in BLA-projecting neurons (9 Ϯ 3 pA; n ϭ 27; p Ͻ 0.05) (Fig. 4C) . Representative traces illustrating the effect of U69593 are shown in Figure 4 , A and B. Physiological and anatomical evidence demonstrates that MORs are also present on a small population of VTA DA neurons (Cameron et al., 1997; Garzon and Pickel, 2001) . To determine whether these cells project to the BLA and the NAc, we measured the whole-cell current induced by the reversible /␦-opioid receptor (M/ DOR) agonist ME. Opposite to the effect of U69593, neurons projecting to the NAc exhibited a mean outward current in response to bath-applied ME (3 M; 2.1 Ϯ 1.5 pA; n ϭ 16), which was significantly less than that produced in BLA-projecting cells (14 Ϯ 4 pA; n ϭ 17; p Ͻ 0.05) (Fig.  4 D) . Typical current traces are illustrated in Figure 4 , A and B. These results show that NAc-and BLA-projecting VTA DA neurons show differential sensitivities to opioids.
Tertiary cells are also directly inhibited by serotonin (5-HT) (Cameron et al., 1997) . We hypothesized that because 71% (12 of 17) of BLA-projecting neurons, but only 13% (2 of 16) of NAcprojecting neurons, were inhibited by ME (Fig. 3D) , a similar percentage would be inhibited by 5-HT receptor (5-HT-R) activation. Surprisingly, application of the high-affinity 5-HT 1 agonist 5-carboxamidotryptamine (5-CT; 100 nM) failed to produce a current in any recorded BLA-or NAc-projecting neuron (Fig.  4 A, B,E) . This concentration was highly effective on presynaptic inputs to these cells (see below), implying that a sufficiently high concentration was used to activate 5-HT 1 receptors in the slice preparation. Thus, in the mouse, both BLA-and NAc-projecting VTA DA neurons are not directly inhibited by 5-HT 1 -R activation.
Because we found that mesolimbic projecting neurons responded to ME but not 5-CT, we attempted to confirm the neurochemical identity of these neurons to ensure that they were DA cells. Because we found that the majority of cells that project to the BLA (but not the NAc) responded to ME, we examined the responses of these BLA-projecting tracer-labeled cells to ME while filling those neurons with neurobiotin. We found that of nine BLA-projecting neurons that were filled with neurobiotin and challenged with ME, five TH(ϩ) cells responded (22 Ϯ 5 pA; data not shown), three TH(ϩ) cells did not respond, and one TH(Ϫ) cell responded. An example of a triple-labeled (neurobiotin/tracer/TH) BLA-projecting neuron in which ME induced a 10 pA outward current is illustrated in Figure 1G . These observations suggest that under the current experimental conditions, the vast majority of tracer-labeled neurons were DA cells.
Inhibition of synaptic transmission Opioid inhibition of GABAergic transmission
Both BLA-and NAc-projecting neurons exhibited different postsynaptic responses to opioids, leading us to hypothesize that the inhibition of presynaptic inputs would also vary between these two groups. We initially examined GABAergic transmission. Separate GABA releasing terminals are believed to mediate GABA A and GABA B inputs to DA neurons of the VTA, with both being sensitive to opioids (Gysling and Wang, 1983; Johnson and North, 1992a; Johnson et al., 1992; Sugita et al., 1992; Cameron and Williams, 1993; Bonci and Williams, 1997; Shoji et al., 1999) .
Pharmacologically isolated GABA A IPSCs were inward when evoked from a V h of Ϫ60 mV (Fig. 5 ) and were completely blocked by picrotoxin (100 M; data not shown). Application of U69593 (200 nM) inhibited BLA-projecting IPSCs by 34 Ϯ 6% (n ϭ 8). This was greater than the inhibition of NAc-projecting IPSCs (8 Ϯ 6%; n ϭ 9; p Ͻ 0.05) (Fig. 5A) . Inhibition of GABA A Figure 5 . KORs inhibit GABA A IPSCs from mesolimbic-projecting DA neurons. A-C, Normalized summary data and typical recordings of GABA A IPSCs illustrating the effects of U69593 (200 nM; A), ME (3 M; B), and 5-CT (100 nM; C) on BLA-(E) and NAc-(F) projecting VTA neurons (n ϭ 6 -11). Illustrated GABA A IPSCs are the averages of three to five traces before and during drug application. The calibration in C applies to all traces. Error bars indicate SEM. * signifies significance at p Ͻ 0.05. NLX, Naloxone.
currents by ME (3 M) was similar for cells projecting to both the BLA (45 Ϯ 7%; n ϭ 10) and the NAc (49 Ϯ 7%; n ϭ 7; p Ͼ 0.05) (Fig. 5B) .
The release of GABA that mediates GABA B IPSCs is also sensitive to both MOR and KOR opioid agonists (Shoji et al., 1999) . A train of stimuli was used to evoke a slow IPSC (Fig. 6) , which was sensitive to the GABA B receptor antagonist CGP 56999a (100 nM) (data not shown). Unlike GABA A IPSCs, GABA B IPSCs recorded from neurons that projected to the NAc showed greater inhibition with U69593 (200 nM; 46 Ϯ 8% inhibition; n ϭ 8) than those that projected to the BLA (26 Ϯ 8% inhibition; n ϭ 7; p Ͻ 0.05) (Fig. 6 A) . However, like GABA A IPSCs, ME (3 M) equally inhibited BLA-(70 Ϯ 7% inhibition; n ϭ 7) and NAc-(66 Ϯ 6% inhibition; n ϭ 8, p Ͼ 0.05) projecting neurons (Fig. 6 B) .
Thus, M/DORs equally inhibit GABAergic transmission onto DA neurons projecting to the BLA and the NAc. This is not the case for KORs. GABA A inputs are more sensitive on BLAprojecting neurons, whereas GABA B inputs are more sensitive on NAc-projecting neurons.
5-HT inhibition of GABAergic transmission
In the rat and guinea pig, 5-HT causes a potent inhibition of the GABA B IPSP but has no effect on the GABA A IPSPs (Sugita et al., 1992) . We examined 5-HT-R stimulation to see whether it would inhibit the GABA B IPSC from BLA-and NAc-projecting neurons. Application of 5-CT (100 nM) equally inhibited GABA B IPSCs from both the BLA-(63 Ϯ 6% inhibition; n ϭ 6) and NAc-(70 Ϯ 5%; n ϭ 7; p Ͼ 0.05) projecting VTA DA neurons (Fig. 6C) . Surprisingly, 5-CT (100 nM) was also able to effectively inhibit GABA A IPSCs from both BLA-(35 Ϯ 9% inhibition; n ϭ 6) and NAc-(38 Ϯ 4%; n ϭ 11; p Ͼ 0.05) projecting neurons (Fig. 5C ).
Opioid inhibition of somatodendritic DA release
We hypothesized that KOR stimulation could inhibit stimulation-evoked somatodendritic release of DA. To test this, a train of five stimuli was used to evoke DA release that induced a slow IPSC (Beckstead et al., 2004) (Fig. 7) . The IPSC was completely inhibited by the D 2 receptor antagonist sulpiride (200 nM; data not shown). As predicted, the KOR agonist U69593 (200 nM) caused an inhibition of the IPSC (Fig. 7A) . Although the mechanism of action was not investigated, we noted that the kinetics of the IPSC was not altered by U69593 (data not shown), supporting the hypothesis that the mechanism involves the reduction of DA release (Dalman and O'Malley, 1999; Chefer et al., 2005) .
We next examined whether KORs would inhibit DA IPSCs recorded from BLA-and NAc-projecting neurons. We found that U69593 (200 nM) caused a greater inhibition of the IPSC in NAcprojecting DA neurons (52 Ϯ 7% inhibition; n ϭ 8) than in BLA-projecting neurons (27 Ϯ 5% inhibition; n ϭ 6; p Ͻ 0.05) (Fig. 7A) . To determine whether the activation of M/DOR and 5-HT 1 receptors could also differentially regulate the DA IPSC, we examined the effects of ME (3 M) and 5-CT (100 nM). However, in neither group of projecting neurons did ME or 5-CT inhibit the IPSC (Fig. 7 B, C) . Thus, whereas the D 2 receptor IPSC in mesolimbic DA neurons appeared insensitive to M/DOR and 5-HT 1 agonists, the KOR agonist was able to inhibit this current.
DA reuptake in the VTA
In the guinea pig, DA uptake via dopamine uptake transporters (DATs) is more active in SNc neurons than in the VTA (Cragg et al., 1997) . Because BLA-projecting neurons are located in the anterior/lateral VTA, whereas NAc-projecting neurons are located in the posterior/medial VTA (Fig. 1C,D) , we used their separate locations to determine whether uptake of DA varied within the mouse VTA. Because DA is a substrate for all monoamine uptake transporters, the nonspecific uptake blocker cocaine (1 M) was used to determine the role of uptake within the VTA. Cocaine slowed the kinetics and increased the peak amplitude of the IPSC (Fig. 8 A) (Beckstead et al., 2004) but had no differential effect on NAc-or BLA-projecting neurons (Fig. 8 B) . The kinetics and amplitude of the current induced by exog- enously applied DA (iontophoretic) were also altered by cocaine, but again, no differences were observed between NAc-and BLA-projecting neurons (Fig. 8A,B) . Because the time course of the DA IPSC is strongly regulated by DATs (Beckstead et al., 2004) (but see Cragg et al., 2001) , these results suggest that DA uptake is not different across the VTA. Examination of the 10 -90% IPSC rise time, the time to peak, and the IPSC half width also showed no differences between NAc-and BLA-projecting neurons (Fig. 8C) .
Discussion
Identification and anatomical location of BLA-and NAc-projecting VTA DA neurons Dopaminergic projections from the VTA are organized into the mesolimbic and mesocortical systems, with the mesolimbic system sending major projections to both the BLA and the NAc (Albanese and Minciacchi, 1983; Le Moal and Simon, 1991; Brinley-Reed and McDonald, 1999; Hasue and Shammah-Lagnado, 2002) . By using fluorescent microspheres as the retrograde tracer, we accurately identified only those VTA neurons that projected to these nuclei. Microspheres were chosen as the retrograde tracer, because unlike lipophillic tracers (e.g., DiI), they do not diffuse from the injection site and are only taken up at nerve terminals (Senatorov and Hu, 1998; Senatorov and Renaud, 1999) . This removed the possibility that neurons projecting to dorsal striatal structures (Maurin et al., 1999; Joel and Weiner, 2000) or passing through target areas were labeled. Thus, we ensured that only cells terminating in the BLA or NAc were labeled. BLA-and NAc-projecting VTA neurons occupied separate anatomical locations within the VTA. BLA-projecting neurons occurred in lateral/anterior locations, whereas NAc-projecting neurons were found in more medial/posterior areas. Both groups colocalized to TH(ϩ) areas of the midbrain, medial to the MT (Fig. 1) , confirming locations within the VTA. We found that the vast majority of mesolimbic VTA neurons in the mouse were DAergic. This contrasts with previous anatomical studies in the rat, which identified a substantial proportion of non-DAergic cells that send projections to these target areas (Swanson, 1982) . Although the possibility exists that a species difference occurs, it may be that DAergic neurons are more likely to retrogradely transport microspheres to the VTA or that the soma of these cells are more easily identified.
Commonly, the presence of a large I h is used to identify VTA DA neurons in in vitro electrophysiological studies. However, recent results suggest that not all VTA DA neurons exhibit a pronounced I h (Neuhoff et al., 2002; Liss et al., 2005) . We found that neither BLA-nor NAc-projecting VTA neurons exhibited as large of a current, as was found in more lateral SNc neurons (Fig.  2) , confirming the study by Liss et al. (2005) . The rank order of amplitudes appeared to approximately follow a lateral to medial axis with SNcϾBLA-projectingϾNAc-projecting neurons. These results suggest that the presence of a large I h is an overall poor marker of mesolimbic projecting cells. Because I h could not be used to identify labeled neurons as DA cells, the possibility existed that labeled projecting neurons were secondary GABAergic cells. To exclude this possibility, we relied on the presence of wide APs (Ն1.2 ms), recorded in each neuron before gaining whole-cell access, to successfully identify cells as DAergic neurons. This property clearly distinguished DA neurons from secondary GABAergic neurons in our in vitro slice preparation (Fig. 3) , suggesting that the majority of microsphere-labeled cells were DA neurons of the VTA.
Effect of opioids on projecting VTA neurons
Our results showed that opioid-induced inhibition of mesolimbic neurons depended on their target location. Of neurons projecting to the NAc, 94% responded to the KOR agonist U69593, 37% responded to M/DOR agonist ME, whereas 0% responded to the 5-HT 1 agonist 5-CT. In contrast, of neurons projecting to the BLA, 13% responded to U69593, 71% responded to ME, and again 0% responded to 5-CT (Fig. 4) . Neurons sensitive to KORs were more likely to project to the NAc than the BLA, whereas neurons sensitive to M/DORs were more likely to project to the BLA than the NAc. Because ME can activate both MORs and DORs, the possibility exists that the actions of ME is through DORs on some neurons and MORs on others. DA neurons that are sensitive to MORs are classified as tertiary cells (Williams et al., 2001 ). This class of neurons in the guinea pig was distinguished based on the sensitivity to 5-HT. Electrical stimulation also resulted in an IPSP that was mediated by 5-HT (Cameron et al., 1997) . Surprisingly, neither the bath application of the 5-CT (Fig. 4 E) nor stimulation (data not shown) induced a 5-HTmediated IPSC in either BLA-or NAc-projecting neurons. This rules out the possibility that these cells were tertiary neurons. Immunohistochemical examination of projecting cells that responded to ME showed that Ͼ80% were DAergic. It is not known whether this represents a species difference, a lack of tertiary cells projecting to either the BLA or the NAc, or whether it is primarily principle TH(ϩ) neurons that become tracer labeled.
Regulation of GABAergic transmission between populations of mesolimbic neurons
The release of GABA within the VTA is acutely inhibited by opioids and is chronically altered during the withdrawal from chronic opioid use (Williams et al., 2001 ). We found that, like the differential postsynaptic effects of U69593, GABAergic transmission was unequally inhibited by the KOR agonist. U69593 caused a greater inhibition of GABA A IPSCs recorded from DA neurons projecting to the BLA. In contrast, U69593 caused a greater inhibition of GABA B IPSCs recorded from DA neurons projecting to the NAc (Figs.  5A, 6A ). This finding further confirms that DA neurons projecting to separate mesolimbic targets possess different composition of opioid receptors. Through the course of these experiments, we found that in addition to inhibiting GABA B IPSCs, 5-HT 1 -receptors also inhibited GABA A IPSCs (Fig. 6C) . This is opposite to the rat, in which 5-HT inhibits the GABA B , but not the GABA A , IPSP (Sugita et al., 1992) . Whether this is a property of mesolimbic neurons or a species difference is not clear.
Inhibition of the D 2 IPSC by KORs
Both M/DOR and KOR agonists evoked different amplitudes of inhibitory outward currents in BLA-and NAc-projecting neurons (Fig. 4) . These opioid-induced currents result from the activation of GIRK channels, which hyperpolarize the cell membrane and lead to reduced firing rates and activity (Williams et al., 2001; Margolis et al., 2003) . The DA IPSC is believed to result from the somatodendritic release of DA from neighboring neurons (Geffen et al., 1976; Kalivas and Duffy, 1991; Cragg et al., 2001; Beckstead et al., 2004) . We reasoned that the opioid-induced inhibition recorded in individual projecting neurons implied a local reduction in the overall activity of DA neurons within that area. This reduction in activity would result in decreased somatodendritic DA release. If this were the case, regions exhibiting greater opioid induced whole-cell currents would also exhibit greater opioid-induced inhibition of the DA IPSC. Thus, we hypothesized that U69593 would cause a greater inhibition of the DA IPSC in NAc-projecting neurons, whereas ME would cause a greater inhibition of the IPSC in BLA-projecting cells (Fig. 4) . As predicted, activation of KORs led to a greater inhibition of the DA IPSC in NAc-projecting neurons (Fig. 7A) . The effect of M/DOR activation, however, was not as predicted. Although the M/DOR agonist ME inhibited 13% of NAc-and 71% of BLA-projecting neurons (Fig. 4) , it had no effect on the D 2 IPSC (Fig. 7A) . Two possibilities exist to explain the lack of effect of M/DOR stimulation. First, the ME-induced local hyperpolarization of DA neurons may have been insufficient to significantly reduce presynaptic firing. Alternatively, the lack of effect of ME on the DA IPSC may be attributable to MORs failing to couple to the machinery regulating the release of DA. Dopamine uptake transporters are equally distributed across the mouse VTA The major mechanism terminating DA signaling is uptake by DAT (Adell and Artigas, 2004) . We set out to determine whether DA uptake was similar between two populations of mesolimbic neurons. Termination of the DA IPSC is strongly regulated by DA reuptake (Beckstead et al., 2004) , suggesting that if differences in Figure 8 . Dopamine uptake transporters regulate extracellular dopamine equally at the somatodendritic level across the VTA. A, Representative synaptic and exogenous currents recorded from NAc-and BLA-projecting neurons. IPSCs were evoked with monopolar glass electrodes by a train of five pulses (duration, 0.5 ms; 40 Hz). Iontophoretic currents were evoked by ejecting DA as a cation with a single pulse (20 -150 nA; 25-100 ms) once every 60 s. Note the equal increase in amplitudes and the slowing of kinetics of both currents by the application of the nonspecific monoamine uptake inhibitor cocaine (1 M) in both BLA-and NAc-projecting neurons. B, Summary data (normalized percentage change; mean Ϯ SEM) from BLA-(n ϭ 5) and NAc-(n ϭ 7) projecting neurons. C, Summary of the kinetics of D 2 IPSCs recorded in BLA-(n ϭ 6) and NAc-(n ϭ 9) projecting VTA neurons. Stim, Stimulation.
DAT levels occurred, altered kinetics of the IPSC would be observed. This was not the case (Fig. 8) . Furthermore, the nonspecific monoamine inhibitor cocaine potentiated both the IPSC and iontophoretic current to similar extents in both BLA-and NAc-projecting neurons (Fig. 8) . Given that D 2 receptors and dopamine transporters interact to regulate extracellular DA levels (Schmitz et al., 2002) , our findings suggest that, at the somatodendritic level, the regulation of DA is tightly regulated to the same extent across the mesolimbic system of the VTA.
Conclusions
The mesolimbic DA system mediates the stimulating and rewarding properties of nearly all drugs of abuse (Koob, 1992; White, 1996; Wise, 1996a,b; Williams et al., 2001) . By recording from identified neurons that projected from the VTA to the BLA and the NAc, we have been able to demonstrate that significant physiological differences occurred between different populations of VTA DA neurons. This suggests that DA neurons of the VTA are not a homogenous population of cells but vary in several respects. Opioid inhibition of dopamine neurons varied with target location, which suggests that the behavioral effects of opioids may be the result of inhibition of distinct subpopulations of mesolimbic neurons. These findings provide insight into potential important therapeutic targets for certain motivated behaviors including drug addiction and provide a better understanding for the role of specific signaling between different brain regions.
